O-GlcNAcylation is a post-translational modification of serine and threonine residues which is dynamically regulated by 2 enzymes; O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA) that catalyze the addition and removal of a single N-acetylglucosamine (GlcNAc) molecule, respectively. This modification is thought to be a nutrient sensor in highly proliferating cells via the hexosamine biosynthesis pathway, a minor branch of glycolysis. Although emerging evidence suggests that O-GlcNAc modification is associated with many types of cancer, identification of O-GlcNAc-modified proteins and their role in cancer remain unexplored. In the present study, we demonstrated that O-GlcNAcylation is increased in primary colorectal cancer tissues, and that this augmentation is associated with an increased expression of OGT levels. Using 2-dimensional O-GlcNAc immunoblotting and LC-MS/MS analysis, 16 proteins were successfully identified and 8 proteins showed an increase in O-GlcNAcylation, including cytokeratin 18, heterogeneous nuclear ribonucleoproteins A2/B1 (hnRNP A2/B1), hnRNP H, annexin A2, annexin A7, laminin-binding protein, α-tubulin and protein DJ-1. Among these identified proteins, annexin A2 was further confirmed to show overexpression of O-GlcNAc in all cancer samples. The results, therefore, indicate that aberrant O-GlcNAcylation of proteins is associated with colorectal cancer and that identification of O-GlcNAc-modified proteins may provide novel biomarkers of cancer.
Introduction
Colorectal cancer is a major medical issue worldwide. It is the third most common cancer in both genders and the second leading cause of cancer-related mortality in the United States (1) . In Thailand, although the incidence is low, colorectal cancer is the second most common cancer in men and the third most common cancer in women (2) . Colorectal cancer is the most frequent type of cancer among individuals aged 50 years and older, suggesting that the majority of these cancers occur in elder people. However, it has been reported that the incidence rate of colorectal cancer in young individuals (ages 20-49 years) has increased 1.5%/year in men and 1.6%/ year in women (3) . Therefore, early screening tests are of great important to prevent colorectal cancer and deaths.
The development of colorectal cancer can take years or decades and mainly progresses through the accumulation of many genetic mutations (4) . Elevated glucose consumption is a necessary component of carcinogenesis (5) . Clinical imaging of primary and metastatic cancers has clearly demonstrated that a common trait of human malignancies including colorectal cancer is elevation in glucose flux compared to normal tissues (6) . Changes in the glucose metabolism of tumors lead to the alteration of certain metabolic pathways, including the hexosamine biosynthesis pathway (HBP), a relatively minor branch of glycolysis. A small fraction of glucose enters the HBP and produces uridine diphosphate N-acetylglucosamine (UDP-GlcNAc) (7) . UDP-GlcNAc is a donor substrate used for classical glycosylation as well as O-GlcNAcylation. Unlike classical glycosylation, O-GlcNAcylation consists of the attachment of a single N-acetylglucosamine (GlcNAc) molecule to serine and threonine residues, which occurs mainly on cytoplasmic, nuclear and mitochondrial proteins. This glycosylation is not static but dynamically regulated by 2 key enzymes, O-GlcNAc transferase (OGT) (8) and O-GlcNAcase (OGA) (9) which add and remove a sugar molecule from the proteins, respectively.
Abnormal O-GlcNAc modification is associated with the pathological status of many diseases including diabetes, neurodegenerative disease, cardiovascular diseases and cancers (10 (12) . Recently, our group demonstrated that O-GlcNAc modification was upregulated in breast cancer tissues and decreased O-GlcNAcylation was related to inhibition of anchorage-independent growth in vitro (13) . We also showed that a number of proteins were selectively modified by O-GlcNAc and that these may be novel potential tumor biomarkers in breast cancer (13 
Materials and methods
Human colon specimens. Cancerous and adjacent normal parts of 7 colorectal specimens were obtained from Pramongkutklao Hospital (Bangkok, Thailand). Each sample was divided into 2 parts, one for histopathological examination and the other was stored at -80˚C until processing. The clinicopathological data for each patient are shown in Table I 
Protein identification by LC-MS/MS. O-GlcNAc signals
obtained from X-ray film were aligned with total protein spots on stripped membranes and CCB gels using Master 2D Platinum 7.0 software (GE Healthcare). Proteins spots from the CCB gels were excised, destained and enzymatically digested by trypsin (Promega Corporation). For protein spots from the PVDF membranes, Zwittergent 3-16 (Merck) at 0.5% was used for blocking prior to trypsin digestion as described (14) . The trypsinized peptides were analyzed by a capillary LC system (Waters) coupled to a Q-TOF mass spectrometer (Micromass) as described previously (13) . Briefly, tryptic peptides were injected into a C18 PepMap column (LC Packing) with the gradient of 0.1% formic acid in 3% ACN and 0.1% formic acid in 97% ACN. Purified samples (6 µl) were injected into the nano-LC. For ESI-Q-TOF analysis, the automatic scan rate was 1.0 sec with an interscan delay of 0.1 sec. Parent mass peaks with a range of 400-1600 m/z were selected for MS/MS analysis. MS/MS data were processed using MassLynx 4.0 software (Micromass) and converted to PKL files by the ProteinLynx 2.2 software (Waters), which were analyzed using the MASCOT search engine using the NCBInr database (http://www.matrixscience.com). Peptide and fragment mass tolerance were set at 1.2 and 0.6 Da, respectively. Proteins with molecular weight and pI consistent with the gel region, having at least one peptide exceeding the score threshold (P<0.05) were considered as being positively identified.
Validation of O-GlcNAc-modified proteins.
A subset of the potential O-GlcNAc-modified proteins identified from mass spectrometry was confirmed using the direct immunoprecipitation kit (Pierce Biotechnology, Inc.), performed according to the manufacturer's recommendations. An O-GlcNAc antibody (CTD110.6) was used for coupling reaction with the slurry resin (agarose bead) in order to enrich the O-GlcNAc proteins from all cancer and normal samples (7 cases). Briefly, proteins (1 mg) in 1X RIPA buffer were incubated with the antibody-coupled resin (5 µl of CTD110.6) with gentle shaking overnight at 4˚C. After washing, 100 µl of 1X sampling buffer supplemented with 100 mM DTT was added into the column tube and heated at 95˚C for 5 min. The eluted samples were centrifuged and loaded in 10% SDS-PAGE and immunoblotted with the proteins of interest including O-GlcNAc, annexin A2 (Abcam), cytokeratin 18 (Chemicon), heat shock cognate protein, and Hsc70 (Abcam). Intensity of the O-GlcNAcmodified proteins of the cancer and normal samples was measured by ImageJ 1.41v (NIH).
Data analysis. All data from the densitometric analysis are presented as means ± standard error (SE). Comparisons were performed using the Student's t-test, and statistically significant differences between groups were defined as P<0.05 and P<0.01.
Results

Alteration of O-GlcNAcylation in colorectal cancer.
The expression levels of O-GlcNAcylation and O-GlcNAc controlling enzymes, OGT and OGA, were examined in 7 cases of colorectal cancer and their adjacent normal tissues (Fig. 1A) .
O-GlcNAc immunoblot analysis revealed a significant increase in the O-GlcNAcylation expression level in the cancer group (1.00±0.06 vs. 1.10±0.05, P<0.05) (Fig. 1B) . Notably, 1  65  Female  3  0  0  IIA  II  Adenocarcinoma  2  53  Female  2  0  0  I  II  Adenocarcinoma  3  61  Female  3  2A  0  IIIB  II  Adenocarcinoma  4  78  Male  3  0  0  IIA  II  Adenocarcinoma  5  57  Female  2  1  0  IIIA  II  Adenocarcinoma  6  43  Female  3  0  0  IIA  II  Adenocarcinoma  7  53  Female  3  1  0  IIIB  II  Adenocarcinoma Three parameters of the TMN classification for colorectal cancer: T, size or direct extent of the tumor; N, degree of spread to axillary lymph nodes; M, presence of metastasis. several O-GlcNAc bands between 17 and 58 kDa were more predominantly presented in tumors compared to those in the normal group. The OGT level was also significantly increased in cancer (1.00±0.31 vs. 2.15±0.37, P<0.01) whereas the OGA level tended to increase but was not statistically different (1.00±0.20 vs. 1.41±0.20, P=0.13) in comparison to the normal groups, respectively (Fig. 1B) .
Comparison of O-GlcNAc-modified proteins between
colorectal cancer and normal tissues. Two dimensional gel electrophoresis and O-GlcNAc immunoblot analysis were performed to identify the different O-GlcNAc-modified proteins in colorectal cancer. The pooled protein samples of cancerous and normal tissues were used to reduce the complexity of the samples and other errors. Numerous O-GlcNAc spots were present in both the cancer and normal 2-D O-GlcNAc immunoblots (Fig. 2) . However, only 16 O-GlcNAc protein spots that matched with CCB protein spots were successfully identified. A list of proteins identified and their O-GlcNAc expression levels are summarized in Table II . Among the identified proteins, 8 showed increased O-GlcNAc expression in cancer (ratio >1.5-fold) including cytokeratin 18, heterogeneous nuclear ribonucleoproteins A2/ B1 (hnRNP A2/B1), hnRNP H, annexins A2 and A7, laminin binding protein, α-tubulin and protein DJ-1. In contrast, 8 proteins did not differ in regards to the O-GlcNAc expression level between the cancer and normal groups (ratio <1.5-fold) including heat shock cognate protein (Hsc70), hnRNP K, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), carbonic anhydrase 1, aldehyde dehydrogenase, NADH dehydrogenase, selenium binding protein 1 and creatine kinase-B. All identified proteins resulted from digestion of a single protein spot, except for spot no. 6 which contained 2 proteins, hnRNP A2/ B1 and annexin A2.
Confirmatory studies of O-GlcNAc-modified proteins in colorectal cancer.
A subset of potential O-GlcNAc-modified proteins was confirmed using direct immunoprecipitation (IP) with the O-GlcNAc antibody followed by immunoblotting with antibodies against the proteins of interest. The results showed that O-GlcNAc-modified proteins tended to be increased at higher levels in all cancer samples except sample 6 which showed lower O-GlcNAc levels in cancer compared to the normal groups (Fig. 3) . O-GlcNAc association of annexin A2 was increased in all cancer samples (7/7). O-GlcNAc association of cytokeratin 18 (CK18) was increased in 4 cancer samples (4/7) while sample 4 had slighly increased CK18-O-GlcNAc level in normal samples. However, sample 6 and 7 did not show any O-GlcNAc-CK18 band in both the normal and cancer samples. Hsc70 associated with O-GlcNAc expression was slightly altered in all samples, but sample 2 and 5 which had a high O-GlcNAc enrichment showed an extra O-GlcNAc band of Hsc70 at 72 kDa which was undetectable in all normal samples.
Discussion
Abnormal O-GlcNAcylation is implicated in many metabolic diseases and cancers. In the present study, O-GlcNAcylation in primary colorectal tumor tissues was examined in terms of the expression levels of O-GlcNAc, OGT and OGA, as well as the identification of O-GlcNAc-modified proteins. O-GlcNAc immunoblots showed a significantly different O-GlcNAcylated protein pattern between the cancer and normal groups, with several O-GlcNAc bands in the molecular weight range from 17 to 58 kDa appearing to increase in cancer (Fig. 1) . This increase was associated with an increased expression level of OGT while the OGA level was not significantly different in cancer compared to the normal groups (Fig. 1) . This is consistent with a report by Mi and co-workers who demonstrated by immunohistochemistry that the global O-GlcNAcylation was significantly elevated in colorectal cancer patients using a different O-GlcNAc antibody (RL2) and this elevation was related to an increased OGT level (11) . Several lines of evidence have shown that OGT and O-GlcNAc levels are increased in many malignant tumors including breast, lung, liver and prostate cancer (11) (12) (13) 15, 16) . Recently, it was reported that a metastatic clone of colorectal cancer, SW620, had increased O-GlcNAcylation when compared with its primary clone, SW480, and this increase was related to the level of OGA expression in the metastatic clone (17) . OGT and OGA may act as key regulatory proteins in cancer, and abnormal addition/removal of O-GlcNAcylation in certain proteins, at least, affects protein functions.
In this study, we successfully identified 16 proteins modified by O-GlcNAcylation using proteomic approaches including 2-D IEF/SDS-PAGE followed by O-GlcNAc immunoblotting and LC-MS/MS, and validated several O-GlcNAc-modified proteins using O-GlcNAc immunoprecipitation (Table II, Figs. 2 and 3 ). 2-D proteomic profiles revealed differences in various O-GlcNAc-modified proteins between normal and malignant tumors. Eight proteins were associated with increased O-GlcNAc in cancer, namely annexins A2 and A7, CK18, α-tubulin, hnRNP A2/B1 and H, protein DJ-1 and laminin binding protein.
Annexins are a group of phospholipid-binding proteins in a calcium-dependent manner. They play important roles in cellular signaling such as exocytosis and endoctyosis, cytoskeletal formation, cell matrix interaction, cell division and apoptosis (18, 19) . We found that O-GlcNAc-annexins A2 and A7 were increased in colorectal cancer cases (Fig. 2 , Table II ). We previously reported that O-GlcNAc-annexin A2 was increased in breast cancer tissues (13) . It was reported that annexin A2 was significantly increased in primary tumors compared to normal colon and that increased expression of annexin A2 is related to increasing tumor stage (20) . Annexin A7 has biological and genetic properties expected of a tumor-suppressor gene. The loss of annexin A7 is associated with distant metastasis in gastric cancer (21) . At present, there is no information concerning the glycosylation of annexins.
Abnormal O-GlcNAc-annexins may confer benefits to cancer in terms of cellular networking, vesicle transportation, cell matrix formation and metastasis.
Two proteins involved in cell structure, cytokeratin 18 (CK18) and α-tubulin, are O-GlcNAcylated. CK18 is a type I cytokeratin which forms with its filament partner, cytokeratin 8 (CK8). We found that O-GlcNAc-CK18 was increased in colorectal cancer samples similar to that found in our previous study on breast cancer (13) . CK18 was also reported to be modified by O-GlcNAc, at least in 3 sites (S30/S31/S49) (22) . Augmentation of O-GlcNAc-CK18 was associated with increased solubility and decreased cellular levels whereas absence of O-GlcNAc on CK18 made it more stable (23) . O-GlcNAcylated CK18 has been shown to play a protective role in epithelial injury and this glycosylation is required for the recruitment and activation of AKT and protein kinase Cθ (24) . Tubulin is a member of the microtubule family, which is involved in many essential cellular processes, including cell division and intracellular transport. We found that O-GlcNAc-α-tubulin was increased in cancer. It was reported that α-tubulin was identified as an O-GlcNAcmodified protein (25) . Moreover, it was shown that an increase in O-GlcNAc-α-tubulin led to reduced heterodimerization and that O-GlcNAcylated tubulin did not polymerize into microtubules (26) . Aberrant O-GlcNAc-CK18 and O-GlcNAc-tubulin, therefore, at least may create appropriate structural organization and signaling in the cytoskeletal network of cancer cells. However, the role of this glycosylation on the protein cytoskeleton still requires further study in cancer biology.
The hnRNPs are a group of RNA-binding proteins implicated in a variety of processes in mRNA metabolism including pre-mRNA splicing, mRNA transport and translation (27, 28) . We found that hnRNP A2/B1 and H were increased in terms of O-GlcNAc modification (Table ΙΙ) . hnRNP A2/B1 interacts with at least 20 other different hnRNPs and RNA in the nucleus which modulate pre-mRNA processing and splicing (29) . Fielding et al (30) reported that hnRNP A2/B1 is detected in patients with lung cancer or lung neoplasms suggesting that it is a clinical marker for early lung cancer detection. HnRNP H functions in the splicing of selected target mRNAs such as Bcl-x, a member of the Bcl-2 family of proteins that are key regulators of apoptosis (31) . Although overexpression and subcellular distribution of many hnRNPs have been described in colorectal cancer, the pathogenesis of cancer linked with hnRNPs is unclear (32) . To date, the regulation of hnRNPs is poorly understood; however, phosphorylation is thought to be a regulator of the interaction between nucleic acids and protein partners. Wang et al (33) reported that 9 members of the hnRNP family including hnRNP K, U, R, U, A2/B1, A1, C1/C2, H3 and A/B, are likely to be modified by O-GlcNAc in COS7 cells. We previously reported that 5 hnRNPs including hnRNP U-like protein 2, hnRNP K, hnRNP F, hnRNP M isoform a and hnRNP A2/B1, were all increased in their O-GlcNAcylation in breast cancer (13) . At present, there is no information concerning the functions of O-GlcNAc and the association with the site(s) of this modification of hnRNPs. It is possible that increasing O-GlcNAcylation of the hnRNP family may interplay with phosphorylation that regulates alterative mRNA splicing and processing, as well as gene expression of proteins and promotes a phenotype of cancer.
Protein DJ-1 plays a role as an antioxidant and/or a molecular chaperone. It is also a regulator of the tumor-suppressor protein, PTEN, with stimulatory effects on PI3K-AKT/PKB signaling in lung carcinoma. We previously reported that O-GlcNAc-DJ-1 was increased in breast cancer (13) . Although DJ-1 was O-GlcNAc-altered in colorectal cancer, the effect of this modification in stress response remains unclear.
Laminin binding protein (ribosomal protein SA) is involved in the assembly and/or stability of the 40S ribosomal subunit and also functions as a cell surface receptor for laminin which is implicated in a wide variety of biological processes including cell adhesion, differentiation, migration, signaling and metastasis (34) . O-GlcNAc modification of laminin binding protein was increased in colorectal cancer which is similar to our results found in breast cancer (13) .
Another group of proteins associated with slightly altered O-GlcNAc in colorectal cancer includes Hsc70, hnRNP K, GAPDH, carbonic anhydrase 1, creatine kinase-B, selenium binding protein 1, aldehyde dehydrogenase and NADH dehydrogenase. Hsc70, a constitutively expressed protein, is a chaperone protein which plays vital roles in protein folding and degradation. We found that a major band of O-GlcNAc-Hsc70 (~70 kDa) was similar between normal and cancer groups but a minor band at 72 kDa with high O-GlcNAc enrichment was found in cancer samples. Our group and others previously reported that Hsc70 was modified/associated with O-GlcNAc (13, 33, 35, 36) . GAPDH is a glycolytic enzyme, which breaks down glucose to provide energy. Our and other groups have reported that GAPDH was modified by O-GlcNAc (13, 33, 35) . Carbonic anhydrase (CA) catalyzes the hydration of CO 2 to form HCO 3 -and H + ions which are subsequently contributed to an acidic condition in cells. CA1 is found in the cytoplasm of epithelial cells, specifically expressed at high levels in the colon (37) . Overexpression of CAs in cancer cells was found to contribute to cancer invasiveness, and CA inhibitors suppress the invasiveness of renal cancer cells in vitro (38) . Creatine kinase (CK) is an enzyme catalyzing the reversible phosphorylation of creatine by ATP, thus playing an important role in energy metabolism. High concentrations of CK may appear in cells with highly cellular activities such as cancer cells (39) . Selenium binding protein 1 (SBP1) is a 56-kDa protein which is found in various cell types. The function of SBP1 is unknown. However, it was reported that levels of SBP1 are significantly decreased in various epithelial cancers including colorectal cancer (40, 41) . Aldehyde dehydrogenase is an important enzyme involved in acetaldehyde metabolism. NADH dehydrogenase is an enzyme located in the inner mitochondrial membrane which catalyzes the transfer of electrons from NADH to coenzyme Q. It is still unknown how O-GlcNAc modification occurs in mitochondria.
In conclusion, we demonstrated that O-GlcNAcylation was increased in primary colorectal cancer patients (grade II) and that this increase was associated with an increased OGT expression level. Proteomic profiles revealed that O-GlcNAc-modified proteins are involved in the cytoskeleton, oxidative response and environment, and RNA metabolism. Some proteins were increasingly modified by O-GlcNAc. Among these modified proteins, aberrantly increased O-GlcNAc-modified annexin A2 was overexpressed in all cancer samples. Taken together, our findings on the alteration of O-GlcNAcylation provide the expanding spectrum of O-GlcNAcomics in cancer and suggest that abnormal O-GlcNAc-modified proteins, particularly annexin A2, may be novel biomarkers of colorectal cancer. Further studies are needed to clarify the biological roles of O-GlcNAc-modified proteins in colorectal cancer in order to understand their regulation and function in cancer.
